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Introduction 


HER2  overexpression  is  a  poor  prognostic  indicator  in  breast  cancer.  HER2 
amplification  is  associated  with  early  tumor  dissemination,  rapid  tumor  progression,  and 
increased  invasiveness,  implying  that  HER2  has  a  significant  role  in  the  metastatic  phenotype. 
We  have  demonstrated  that  two  key  steps  in  the  metastatic  mechanism,  angioinvasion  and 
transendothelial  migration,  are  augmented  by  HER2  expression,  and  we  have  linked 
Angiopoietin-2,  a  vascular  destabilizing  protein,  to  expression  of  HER2.  The  objective  of  this 
research  is  to  detennine  if  the  metastatic  advantage  of  HER2  expressing  cancer  cells  is  imparted 
by  Angiopoietin-2  production,  and  further  to  determine  if  overexpression  of  HER2  is  linked  to 
Angiopoietin-2  expression.  The  scope  of  this  research  begins  with  two  assays  to  test 
angioinvasion  and  endothelial  cell  retraction,  a  key  step  in  transendothelial  migration. 

Using  several  strategies,  the  research  protocol  tests  tumor  cell  production  of  Angiopoietin-2  or 
blockade  of  Angiopoietin-2  to  determine  if  Angiopoietin-2  modulates  the  metastatic  steps  in 
question.  Further,  breast  cancer  specimens  are  tested  for  concurrent  expression  of  HER2  and 
Angiopoietin-2,  and  also  correlated  with  stage  and  grade  of  the  tumor.  In  addition,  concurrent 
expression  of  related  receptors  (Epidemial  Growth  Factor  receptor,  HERS,  and  HER4)  are  also 
tested  for  correlation  of  Angiopoietin-2  expression. 

Body 

Specific  aim  #1  calls  for  testing  the  effect  of  manipulating  Angiopoietin-2  production  in 
MCF-7  breast  cancer  cells  on  in  vitro  models  of  key  metastatic  steps.  The  first  series  of 
experiments  tested  tumor  cell  induced  endothelial  cell  retraction,  a  key  step  in  tumor  cell 
transendothelial  migration.  Angiopoietin-2  expression  was  manipulated  in  these  cells  using  3 
techniques:  1)  Stimulating  or  blocking  HER2  signaling  using  Herceptin  (a  monoclonal  antibody 
that  binds  to  HER2  and  prevents  dimerization  and  signaling)  or  Heregulin  pi  (a  ligand  for  HERS 
and  HER4,  which  upon  binding  induces  dimerization  with  HER2  and  subsequent  signaling;) 

2)  Direct  application  of  Angiopoietin-2  into  the  assay  or  sequestration  of  tumor  produced 
Angiopoietin-2  in  the  assay  by  treatment  with  soluble  Tie-2/Fc  receptor  fusion  protein;  and  3) 
Angiopoietin-2  cDNA  transfection  in  sense  and  antisense  orientation  to  increase  or  decrease 
tumor  cell  production  of  Angiopoietin-2. 

Experiment  #1.  Tumor  cell  induced  endothelial  cell  retraction.  MCF-7  cells  or 
transfected  MCF-7  cells  (HER  cells)  that  overexpress  HER2  were  cocultured  for  3  hours  onto 
intact,  5-day-old  monolayers  of  human  endothelial  cells.  We  have  shown  that  the  HER2 
overexpressing  cells  produce  more  Angiopoietin-2  than  the  parent  cells  (1).  Figure  1  shows  that 
HER2  overexpressing  cells  induce  a  greater  degree  of  endothelial  cell  retraction  as  determined 
by  A)  number  of  tumor  cells  associated  with  endothelial  cell  retraction  events,  and  B)  the  percent 
of  sLibendothelial  matrix  that  is  exposed  by  retracting  endothelial  cells.  The  number  of  tumor 
cells  associated  with  retraction  events  was  determined  by  hand  counting  using  SEM  images.  The 
matrix  method  was  determined  by  capturing  a  digital  image  and  calculating  the  percent  of 
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subendothelial  matrix  exposed  by  retracting  endothelial  cells  using  image  analysis  software 
(SigmaScan  Pro).  P  <  0.001  between  groups  using  Student’s  t-test. 

Experiment  #2.  HER2  signaling-induced  endothelial  cell  retraction.  MCF-7  or  HER 
cells  were  pretreated  with  Herceptin  or  Heregulin  (31  to  block  or  stimulate  HER2  signaling.  We 
have  shown  that  HER2  signaling  regulates  Angiopoietin-2  production  in  MCF-7  cells  (Figure  2). 
The  MCF-7  cells  were  then  cocultured  for  12  hours  onto  the  intact  human  endothelial  cells. 
Image  analysis  software  was  used  to  determine  the  percent  of  subendothelial  matrix  exposed  by 
retracting  endothelial  cells.  Figure  3  shows  enhanced  phase  contrast  images  of  intact  endothelial 
monolayers  (A)  after  12  hours  of  coculture,  in  which  heregulin  pi  treatment  (D)greatly  increased 
the  degree  of  endothelial  retraction  induced  by  coculture  with  MCF-7  cells  (B).  Conversely, 
endothelial  cell  retraction  was  effectively  arrested  by  tumor  cell  treatment  with  Herceptin  to 
block  HER2  signaling  (C).  Figure  4  shows  the  degree  of  subendothelial  matrix  exposed, 
comparing  control  tumor  cells  (both  MCF-7  and  HER)  with  cells  pretreated  with  heregulin  pi  or 
Herceptin.  In  both  cell  lines,  statistically  significant  modulation  of  endothelial  cell  retraction 
was  seen  with  manipulation  of  HER2  signaling,  concurrent  with  modulation  of  Angiopoietin-2 
production  (see  ref  1,  p  <  0.01  Herceptin  vs  MCF-7;  p  <  0.001  Herceptin  vs  HER;  p  <  0.05 
Heregulin  pi  vs  tumor  cells).  Statistical  analysis  determined  by  Student’s  t-test  between  groups. 

Experiment  #3.  Angiopoietin-2  induction  of  endothelial  cell  retraction.  In  this 
experiment,  Angiopoietin-2  was  directly  applied  in  escalating  doses  to  the  intact  endothelial 
monolayers  in  the  retraction  assay.  Further,  MCF-7  cells  were  pretreated  with  soluble  Tie2/Fc 
receptor  fusion  protein  (sTie2/Fc)  to  bind  and  sequester  tumor  cell  released  Angiopoietin-2, 
which  may  prevent  Angiopoietin-2  stimulation  of  Tie-2  receptors  on  the  endothelium.  Figure  5 
presents  the  percent  of  subendothelial  matrix  exposed  upon  endothelial  cell  retraction  during 
exposure  to  increasing  doses  of  Anigopoietin-2,  and  compares  the  retraction  response  with  MCF- 
7  and  HER  cell  induced  retraction.  Low  doses  of  Angiopoietin-2  failed  to  induce  significant 
retraction,  but  at  200  ng/ml,  Angiopoietin-2  induced  a  great  degree  of  retraction,  on  scale  with 
HER  cells  (p  <  0.01  vs  MCF-7).  (Low  dose  failure  may  be  attributable  to  failure  to  overcome 
intrinsic  Angiopoietin-1  stimulation  of  the  Tie-2  receptor,  to  which  it  binds  with  equal  affinity. 
The  role  of  Angiopoietin-1  is  endothelial  stabilization,  an  opposite  effect  of  Angiopoietin-2.) 

This  experiment  suggests  that  Angiopoietin-2  is  likely  a  factor  in  tumor  cell  induced  endothelial 
cell  retraction.  Figure  6  presents  the  percent  of  subendothelial  matrix  exposed  upon  endothelial 
cell  retraction  during  coculture  with  untreated  MCF-7  cells  or  MCF-7  cells  treated  with 
increasing  doses  of  sTie2/Fc.  The  sequestration  of  Angiopoietin-2  significantly  altered  the 
ability  of  MCF-7  cells  to  induce  endothelial  cell  retraction  at  a  dose  of  200  ng/ml  sTie2/Fc  (p 
<0.05  vs  MCF-7).  This  experiment  supports  the  results  of  the  direct  Angiopoietin-2  application 
experiments.  Statistical  analysis  determined  by  Student’s  t-test  between  groups. 

Experiment  #4.  This  experiment  is  designed  to  confirm  the  role  of  tumor  produced 
Angiopoietin-2  in  the  metastatic  step  of  transendothelial  migration  of  tumor  cells.  This 
experiment  calls  for  transfection  of  the  full-length  cDNA  into  MCF-7  cells  to  induce  promotable 
Angiopoietin-2  expression.  The  full-length  cDNA  has  been  obtained,  and  successfully  placed  in 
thePCDNAS.l  vector.  Transfection  strategies  are  currently  being  implemented.  Additionally, 
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this  experimental  protocol  calls  for  transfection  of  antisense  cDNA  strands  into  the  MCF-7  eells 
in  an  effort  to  prevent  cell  translation  of  the  Angiopoietin-2  protein.  Five  antisense  clones  have 
been  obtained  to  date.  These  appear  to  have  operable  antisense  function  by  screening  RT-PCR 
for  intact  Angiopoietin-2  mRNA.  Further  testing  with  Northern  and  Western  blot  is  ongoing. 
Once  these  transfected  cells  are  experimentally  operational,  we  will  further  test  the  role  of 
Angiopoietin-2  to  induce  endothelial  cell  retraction. 

Experiment  #5.  The  next  series  of  experiments  evaluated  the  role  of  tumor  produced 
Angiopoietin-2  in  the  mechanism  of  angioinvasion  through  microvessel  dismantling. 
Angioinvasion  was  studied  using  a  3  dimensional  in  vitro  microvessel  dismantling  assay  of 
isolated  rat  microvessels  embedded  in  collagen  I  gels  (for  full  protocol  please  see  ref.  2,  reprint 
included  in  the  appendix).  Figure  1  (in  reprint  of  publication  “HER2  signaling-induced 
microvessel  dismantling”)  demonstrates  dismantling  of  embedded  microvessels  upon  exposure 
to  HER2  overexpressing  MCF-7  cells  (HER).  After  12  hours  of  coculture  with  HER  cells, 
embedded  microvessels  demonstrate  areas  of  discontinuity,  with  architectural  dismantling. 
Calculating  the  length  of  intact  microvessels,  and  comparing  to  length  of  control,  untreated 
microvessels  quantitated  the  effect.  We  compared  MCF-7  cells  with  HER  cells,  which  express 
significantly  more  Angiopoietin-2  (1).  MCF-7  or  HER  cells  were  cocultured  with  intact 
micro  vessels  in  a  3  dimensional  matrix.  After  12  hours,  the  microvessels  were  stained  with  Gs-1 
lectin,  specific  for  endothelium.  The  microvessels  were  imaged,  and  the  cumulative  length  of 
neomicrovessels  was  calculated  and  compared  to  untreated  microvessels.  Figure  2  (reprint) 
shows  that  exposure  to  the  tumor  cells  induce  a  time  dependent  dismantling  of  microvessels, 
with  HER  cells  inducing  a  significantly  more  rapid  and  more  extensive  effect  (p  <  0.05  vs  MCF- 
7).  To  further  implicate  HER2  signaling  as  a  mechanism  for  this  metastatic  step,  we  pretreated 
MCF-7  cells  with  Herceptin  or  Heregulin  pi  to  block  or  induce  HER2  signaling  as  described  in 
our  grant  protocol.  Figures  3  and  4  (reprint)  demonstrate  that  blockade  or  stimulation  of  HER2 
signaling  can  dose  dependently  limit  or  enliance  tumor  cell  induced  microvessel  dismantling  (p  < 
0.01).  We  further  demonstrate  in  Figure  5  (reprint)  that  other  HER2  expressing  breast  cancer 
cell  lines  can  induce  microvessel  dismantling,  and  in  at  least  one  additional  line  the  effect  is 
blocked  by  Herceptin  blockade  of  HER2  signaling. 

Experiment  #6.  In  this  experiment  (also  included  in  reprint  publication,  “HER2 
signaling-induced  microvessel  dismantling”)  we  tested  the  direct  application  of  Angiopoietin-2 
protein  to  induce  microvessel  dismantling.  Further,  we  used  sTie2/Fc  to  sequester  tumor 
produced  Angiopoietin-2.  Microvessels  in  the  dismantling  assay  were  exposed  to  a  crude  prep 
of  Angiopoietin-2  protein  in  increasing  doses  up  to  200  ng/ml.  No  significant  induction  of 
microvessel  dismantling  was  identified.  (Subsequent  to  this  publication,  a  commercially 
available,  purified  protein  was  obtained.  This  was  used  in  the  Angiopoietin-2  protein  experiment 
((#3))  described  above.  These  experiments  will  be  repeated  with  the  new  protein.)  We  also 
treated  the  MCF-7  cells  with  sTie2/Fc  to  sequester  Angiopoietin-2,  and  exposed  the  microvessels 
to  these  pretreated  cells.  Figure  6  (in  reprint)  shows  that  sTie2/Fc  dose-dependently-inhibited 
induced  dismantling,  reaching  significance  at  200  ng/ml  (p  <  0.01.)  Further  experiments 
described  in  the  Statement  of  Work  using  molecular  modifications  of  the  tumor  cells  to  enhance 
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or  limit  the  tumor  cell  production  of  Angiopoietin-2  (see  Experiment  #  4)  are  planned  when  the 
modified  tumor  cells  are  available. 

Experiment  #7.  These  experiments  were  not  described  in  the  Statement  of  Work,  but 
were  designed  to  further  elucidate  the  mechanism  of  HER2  signaling  and  Angiopoietin-2 
induction  of  endothelial  cell  retraction.  We  postulated  that  endothelial  cells  retract  after  the 
binding  of  Angiopoietin-2  to  the  Tie2  receptor  on  the  endothelial  cell  induces  the  dissociation  of 
the  catenin  proteins  from  vascular  endothelial  (VE)  cadherin.  These  proteins  are  key  structural 
proteins  of  the  adherens  junctions  of  the  endothelium.  Under  appropriate  stimulation,  a 
sequential  dissociation  of  y,  p,  and  then  a  catenin  from  VE  cadherin  breaks  the  adherens  junction 
link  to  the  cytoskeleton,  resulting  in  retraction  and  rounding  of  the  endothelial  cell.  In  these 
experiments,  we  tested  intact  human  endothelial  cell  monolayers  for  dissociation  of  the  catenins 
from  VE  cadherin  after  exposure  to  MCF-7,  and  further  tested  the  MCF-7  cells  after  treatment 
with  Herceptin  and  Heregulin  pi  to  manipulate  HER2  signaling  in  these  cells.  Using 
immunoprecipitation  of  VE  cadherin  after  exposure  of  the  monolayer  to  tumor  cells,  we 
determined  the  quantity  of  the  catenins,  which  remained  associated  with  VE  cadherin  by  Western 
blot  analysis.  Figure  7  shows  the  quantity  of  the  catenins  linked  to  VE  cadherin  over  time  of 
exposure  to  MCF-7  cells.  Western  blots  were  digitized  and  the  densitometric  intensity  was 
determined  and  compared  to  control.  The  data  is  reported  as  percent  of  control  (untreated) 
monolayers.  A  time  dependent  loss  of  associated  catenins  is  clearly  demonstrated,  with  greater 
than  90%  loss  of  y  catenin  seen  at  24  his  (p  <  0.01).  Further,  HER2  signaling  regulation  using 
Herceptin  and  Heregulin  pi  significantly  altered  the  dissociation  curve  (Figure  8).  A  50% 
reduction  in  y  catenin  dissociation  was  seen  at  24  hrs  after  treatment  with  Herceptin.  Heregulin 
pi  significantly  augmented  MCF-7  induced  y  catenin  dissociation  (p  <  0.05),  achieving 
equivalence  with  the  result  of  HER  cell  induction  of  catenin  dissociation.  (Recall  that  HER2 
signaling  modulations  alters  the  tumor  cell  production  of  Angiopoietin-2).  These  results  imply 
that  the  mechanism  of  HER2  signaling  induced  endothelial  cell  retraction  likely  includes 
dissociation  of  the  adherens  junction  proteins,  with  loss  of  continuity  with  the  c)4oskeleton. 

Experiment  #8.  This  experiment  tested  Angiopoietin-2  sequestration  with  sTie2/FC 
from  MCF-7  cells  in  coculture  with  endothelial  monolayers.  After  pretreatment  with  increasing 
doses  of  Tie2/Fc,  MCF-7  cells  were  cocultured  with  endothelial  monolayers.  After  cell  lysis,  the 
lysate  was  immunoprecipitated  with  anti-VE  cadherin  antibody.  Western  blot  analysis  of  the 
immunoprecipitate  for  y  catenin  was  performed.  Figure  9  shows  that  sequestration  of 
Angiopoietin-2  with  sTie2/Fc  significantly  reduced  the  y  catenin  dissociation  induced  by  MCF-7 
cells  back  to  50%  of  control  (p  <  0.05  vs  MCF-7),  similar  to  Herceptin  treatment.  This 
experiment  further  implicates  tumor  cell  produced  Angiopoietin-2  as  part  of  the  mechanism  of 
the  HER2  signaling  induced,  metastatic  phenotype.  Ongoing  studies  are  testing  the  direct 
application  of  Angiopoietin-2  protein  to  induce  y  catenin  dissociation.  Further,  MCF-7  cells 
engineered  to  modify  the  production  of  Angiopoietin-2  will  also  be  tested  in  this  model. 

Specific  Aim  #2  calls  for  the  determination  of  concurrent  expression  of  HER2  and 
Angiopoietin-2  in  breast  cancer  specimens  with  the  aim  to  determine  if  HER2  expression  is 
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linked  to  Angiopoietin-2  expression  in  breast  cancer.  The  methods  will  use  laser  capture 
microdissection  as  described  in  the  proposal  protocols.  Because  HER2  is  the  signaling  subunit 
of  heterodimers  with  other  types  I  growth  factor  receptors  (EGFR,  HERS,  and  HER4)  we  will 
also  detemiine  relative  levels  of  these  receptors  in  the  breast  specimens.  To  date  we  have 
collected  over  50  cancer  specimens,  and  have  tested  1 1  cancers.  We  have  also  tested  three 
nornial  breast  specimens  along  with  placenta  as  a  positive  control.  Figure  10  illustrates  these 
results.  Of  1 1  breast  cancers,  5  overexpress  HER2  (expect  approximately  25-30%  of  breast 
cancers  to  be  positive  for  HER2  by  historical  literature).  Seven  cancers  express  Angiopoietin-2, 
included  all  of  the  HER2  expressing  cancers.  These  early  data  support  the  HER2  signaling  link 
to  Angiopoietin-2  production,  but  also  indicate  that  other  signaling  pathways  are  likely  to  also 
induce  Angiopoietin-2  production.  Specific  primers  for  RT-PCR  for  the  associated  receptors  are 
being  developed  and  tested  at  this  time.  Further  cancer  specimen  testing  will  begin  when  all  the 
appropriate  primers  are  available. 

Key  Research  Accomplishments 

•  Determined  that  HER2  signaling  induces  a  metastatic  phenotype  in  breast  cancer 
involving  endothelial  cell  retraction  (as  a  key  step  in  transendothelial  migration)  and 
microvessel  dismantling  (as  a  potential  avenue  of  angioinvasion.) 

•  Detennined  that  Angiopoietin-2  can  induce  endothelial  cell  retraction,  and  is  likely  a 
key  factor  in  the  mechanism  of  the  HER2  signaling  induced  metastatic  phenotype 

•  Detennined  that  the  mechanism  of  endothelial  cell  retraction  involves  dissociation  of 
the  catenin  proteins  from  VE  cadherin,  and  loss  of  adherens  junctional  linkage  to  the 
cytoskeleton 

•  Determined  that  Angiopoietin-2  is  likely  involved  in  the  mechanism  of  HER2 
signaling  induced  microvessel  dismantling,  but  is  not  the  only  factor  in  this 
mechansim. 

•  Identified  that  concurrent  expression  of  HER2  and  Angiopoietin-2  exists  in  breast 
cancer,  although  alternate  signaling  pathways  are  likely  to  also  influence 
Angiopoietin-2  production  in  cancer  cells. 

Reportable  Outcomes 

1 .  Carter  WB.  HER2  signaling-induced  microvessel  dismantling.  Surgery  2001 ;  1 30:382-387. 

2.  Carter  WB,  Ward  MD.  HER2  signaling-induced  microvessel  dismantling.  Abstract. 
Presented  at  the  Society  of  University  Surgeons,  February  10,  2001,  Chicago,  IL. 

3.  Carter  WB,  Hoying  JB,  and  Williams  SK.  HER2  overexpression  enhances  tumor  cell 
transendothelial  migration.  Abstract.  Presented  at  the  Society  of  Surgical  Oncology,  March 
12,  2001,  Washington,  D.C. 
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Conclusions 


The  work  to  date  has  substantially  increased  the  knowledge  available  about  the 
mechanisms  involved  in  the  development  of  a  metastatic  phenotype  associated  with  HER2 
overexpression.  We  have  shown  that  at  least  two  metastatic  mechanistic  pathways  are  enhanced 
by  HER2  signaling,  1)  endothelial  cell  retraction  and  transendothelial  migration,  and  2) 
microvessel  dismantling  as  a  portal  for  angioinvasion.  Further,  these  metastatic  pathways  appear 
to  involve  Angiopoietin-2,  a  vascular  destabilizing  protein.  The  work  presented  identifies  that 
the  Angiopoietin-2/Tie-2  receptor  pathway  is  likely  a  key  intermediary  step  in  the  metastatic 
phenot)^e,  and  a  worthy  therapeutic  target.  Further,  the  determination  of  Angiopoietin-2 
expression  in  breast  cancer  may  suggest  an  appropriate  tumor  marker  indicating  greater 
metastatic  or  angiogenic  potential.  The  remaining  experiments  designed  in  this  study  are  likely 

to  offer  additional  insights  into  these  mechanisms,  and  perhaps  elucidate  other  potential  clinical 
targets  or  markers. 
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HER2  regulatory  control  of  angiopoietin 
2  in  breast  cancer 


W.  Bradford  Carter,  MD,  and  Michael  D.  Ward,  BS,  Norfolk,  Va 

Background.  HER2  overexpression  is  a  marker  of  aggressive  breast  cancer  Tumors  that  overexpress 
HER2  induce  endothelial  cell  retraction  and  endothelial  destabilization.  Because  angiopoietin-2  (Ang- 
2)  also  desUdhlizes  microvessels,  toe  postulated  that  HER2  sigialing  upregulates  Ang-2  as  a  mechanism 
of  angioinvasion. 

Methods.  We  tested  human  breast  cancers  and  breast  cancer  cell  lines  for  coexpression  of  HER2  and 
Ang-2  ivith  Northern  blot,  rever'se  transcnptase^wlymerase  cham  reaction,  and  enzyme-linked 
immunosorbent  assay.  Eurther;  zve  manipidated  HER2  sigialing  zoith  100  ng/mL  MAbHu  HER2 
(Herceptin;  Genentech,  San  Erancisco,  Calif)  and  Heregdin  (37  (100  ng/mL;  R&D  Systems,  Inc, 
Minneapolis,  Minn)  to  test  for  HER2  regdation  of  Ang-2  production. 

Results.  Three  of  4  breast  cancer  cell  lines  expressed  HER2  protein  and  Ang-2  mRNA.  HER  cells,  a  sta¬ 
bly  transfected  cell  line  that  overexpresses  HER2  6-fold,  shozued  a  430%  increase  in  Ang-2  mRNA  com¬ 
pared  to  parentcd  MCE-7  cells.  Heregdin  (37  stimidation  of  HER2  sigialing  in  MCE-7  cells  increased 
Ang-2  by  20%  (P  <  .05).  HER2  signcding  blockade  zvith  100  ng/mL  Herceptin  reduced  Ang-2  mRNA 
90%  (P  <  .001 ).  Eive  of  11  cancers  expressed  both  HER2  ayid  Ang-2;  2  cancels  expressed,  only  Ang-2. 
Conclusions.  We  conclude  that  human  breast  cancers  express  Ang-2.  HER2  signaling  appears  to  regi- 
late  Ang-2  expression,  although  other  signcding  pathzvays  may  cdso  regdate  Ang-2.  Ang-2  may  be  a 
therajjeutic  tars;et  in  these  cancers  and  max  defme  zuhich  patients  zoould  benefit  from  Herceptin  therapy. 
(Surgery  2000; 128: 153-8.) 

Erom  the  Department  of  Surgery,  Eastern  Virginia  Medical  School,  Norfolk,  Va,  and  the  Veteran’s 
Administration  Medical  Center,  Hampton,  Va 


Overexpression  of  HER2  (neu,  C-erb  B2),  a  type 
I  growth  factor  receptor,  imparts  an  aggressive 
metastatic  phenotype  and  poor  prognosis  in 
breast  cancer.  In  fact,  HER2  is  the  most  powerful 
predictor  of  disease-free  and  overall  survival  after 
lymph  node  status.  HER2  expression  in  breast 
cancer  cells  is  inversely  related  to  the  estrogen 
receptor.^  It  is  believed  that  as  the  cell  loses 
estrogen  receptor  expression,  the  cellular  func¬ 
tions  are  replaced  by  upregulation  of  the  type  I 
growth  factor  receptors,  which  are  involved  in 
growth,  differentiation,  and  survival.^^’^^ 
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This  family  of  tyrosine  kinase  receptors  is 
expressed  in  a  wide  range  of  different  cell  types. 
Four  distinct  members  have  been  identified:  EGER 
(C-erb  Bl),  HER2  (C-erb  B2,  neu),  HERS  (C- 
erbBS),  and  HER4  (C-erbB4).  The  ligands  for 
these  receptors  are  the  neuregulins,  which  bind  to 
HERS  or  HER4,  causing  heterodimerization  with 
HER2.^’^  HER2  is  the  signaling  subunit  and  has  no 
independent  ligand.  Antibody  blockade  of  HER2, 
preventing  heterodimerization,  eliminates  neureg- 
ulin-stimulated  signaling.^'^^ 

HER2  expression  imparts  a  metastatic  advan¬ 
tage  to  the  cell.  Blockade  of  HER2  dimerization 
and  signaling  delays  return  to  a  tumor  growth 
phase  and  induces  tumor  regression  in  breast  can¬ 
cers  that  express  HER2.^‘^’^^  To  date,  very  little 
information  has  been  published  that  establishes 
the  metastatic  mechanisms  that  are  enhanced  by 
the  cellular  expression  of  this  receptor.  We  have 
postulated  that  the  expression  and  signaling  of 
HER2  is  linked  to  cellular  production  of  a  factor 
that  influences  the  metastatic  phenotype.  Re¬ 
cently,  Oh  etal^^’  have  identified  downstream  alter¬ 
ations  in  gene  expression  as  a  direct  consequence 


SURGERY  153 


156  Carter  and  Ward 


Surgery 
August  2000 


Fig  2.  Dose  response  of  Ang-2  mRNx\  expression  to  hereg- 
ulin  pi  and  Herceptin  treatment.  Total  RNA  (2  pg)  from 
MCF-7  cells  treated  with  either  Herceptin  or  Heregulin  pi 
for  24  hours.  Ang-2  mRNA  was  determined  by  semiquan- 
titative  RT-PCR.  Significance  was  achieved  at  100  ng/mL 
of  Heregulin  pi  (P<  .05)  and  10  ng/mL  Herceptin  {P  < 
.01).  Product  from  RT-PCR  was  normalized  to  concurrent 
p-actin  niRNA  RT-PCR,  and  statistical  analysis  was  per¬ 
formed  after  normalization  was  achieved  as  a  percent  of 
control. 

and  signaling.  Herceptin  blockade  of  HER2  signal¬ 
ing  (100  ng/mL)  reduced  Ang-2  mRNA  produc¬ 
tion  (Fig  1).  Conversely,  stimulation  of  HER2  sig¬ 
naling  with  Heregulin  pi  (1.0  ng/mL)  upregulated 
Ang-2  mRNA  (Fig  1). 

Using  RT-PCR  with  specific  primers  for  Ang-2, 
we  tested  pretreated  MCF-7  cells  for  the  produc¬ 
tion  of  Ang-2.  Using  3  doses  of  Herceptin  (1.0,  10, 
and  100  ng/mL)  and  Heregulin  pi  (1.0,  10,  and 
100  ng/mL),  we  constructed  dose-response  curves 
for  Ang-2  production  (Fig  2) .  The  Herceptin-treat- 
ed  cell  lines  showed  a  marked  decrease  in  Ang-2 
mRNA  production,  determined  by  densitometry 
normalized  to  concurrent  p-actin  RT-PCR.  A  90% 
reduction  in  Ang-2  mRNA  was  seen  in  MCF-7  cells 
treated  with  100  ng/mL  of  Herceptin  {P  <  .001  vs 
untreated  cells).  Pretreatment  with  Heregulin  pi 
dose-dependently  increased  Ang-2  mRNA  produc¬ 
tion  (Fig  2).  At  100  ng/mL  of  Heregulin  pi,  there 
was  a  20%  increase  in  Ang-2  mRNA  compared  with 
control  cells  {P<  .05). 

To  determine  whether  HER2  expression  is 
linked  to  Ang-2  mRNA  production  in  other  breast 
cancer  cell  lines,  we  performed  RT-PCR  for  Ang-2 
using  SK-BR3,  MDA-MB-175,  and  MDA-MB-231  cell 
lines.  We  also  tested  HER  cells,  a  stably  transfected 
cell  line  derived  from  MCF-7  cells  that  overexpress 
HER2  6-fold.  Fig  3  shows  the  relative  expression  of 
HER2  protein  and  Ang-2  mRNA  in  the  cell  lines. 
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Fig  3.  A,  Expression  of  HER2  (femtomole/milligram)  in 
breast  cancer  cell  lines,  determined  by  ELISA.  B,  Ang-2 
expression  in  human  breast  cancer  cell  lines  by  RT-PCR 
with  specific  primers  for  Ang-2  (relative  units  determined 
b\  normalization  to  concurrent  P-actin  mRNA  RT-PCR) . 


All  of  these  cell  lines  expressed  HER2  protein  (Fig 
3,  A),  and  all  but  MDA-MB-231  expressed  Ang-2 
mRNA. 

Lastly,  we  sought  to  determine  whether  Ang-2 
mRNA  production  was  found  in  human  breast  can¬ 
cers  that  express  HER2.  Eleven  archived  breast  can¬ 
cer  specimens  and  3  normal  breast  epithelium 
specimens  were  assessed  for  HER2  protein  by 
ELISA  and  for  Ang-2  mRNA  by  RT-PCR.  Five  of  11 
human  breast  cancers  expressed  HER2  (Fig  4,  A), 
and  7  of  1 1  breast  cancer  tissues  produced  Ang-2 
mRNA  (Fig  4,  B) .  All  5  HER2  expressors  produced 
Ang-2  mRNA.  There  was  no  HER2  expression  or 
Ang-2  mRNA  detected  in  normal  human  breast 
epithelium. 

DISCUSSION 

HER2  overexpression  is  associated  with  a  poor 
clinical  prognosis  in  which  patients  have  shorter 
disease-free  and  overall  survival.  These  findings 
suggest  that  HER2  expression  is  linked  to  down¬ 
stream  changes  in  gene  expression,  which  enhance 
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the  cells’  metastatic  ability.  In  this  report,  we 
sought  to  establish  a  link  between  HER2  expres¬ 
sion  and  Ang-2  production,  a  putative  vascular 
destabilizing  factor.  In  previous  work,  we  have 
determined  that  the  enhanced  metastatic  pheno¬ 
type  of  breast  cancer  cells  that  express  HER2 
appeared  to  be  at  least  partly  due  to  transendothe- 
lial  migration  of  the  tumor  cells.  The  mechanism 
of  transmigration  appears  to  be  the  induction  of 
EC  retraction,  with  loss  of  EC-cell  contact  and  bar¬ 
rier  function.  Because  of  the  vascular  destabilizing 
influence  of  cancer  cells  that  are  stimulated  by 
HER2  signaling,  we  postulated  that  HER2  induces 
upregulation  of  Ang-2  with  the  profound  effects  on 
the  endothelium  noted.  Blockade  of  HER2  signal¬ 
ing  with  the  use  of  Herceptin  reduced  Ang-2 
mRNA  production  by  90%  in  our  study,  although 
stimulation  of  HER2  signaling  increased  Ang-2 
expression.  These  data  suggest  that  HER2  signaling 
influences  Ang-2  mRNA  production,  which  sup¬ 
ports  our  hypothesis.  It  is  possible  that  Ang-2  pro¬ 
duction  may  be  a  mechanism  of  HER2-induced 
metastatic  capability.  Alternately,  HER2  influence 
on  cell  proliferation  or  cell  cycle  regulation  may  be 
at  least  partly  responsible  for  the  alteration  in  Ang- 
2  expression.  Further  studies  are  necessary  to 
demonstrate  a  direct  effect  of  HER2  signaling  on 
Ang-2  transcription  and  to  identify  which  tran¬ 
scription  factors  may  mediate  the  effect. 

We  have  shown  that  MCF-7  cells,  which  express 
normal  quantities  of  HER2  (1.0  fmol/mg  tissue), 
produced  Ang-2  mRNA.  MCF-7  cells  are  consid¬ 
ered  to  have  low  metastatic  capability  and  in  vitro 
induce  a  modest  EC  retraction  response  on 
endothelial  monolayers  (unpublished  data).  The 
MCF-7  transfected  cell  line  (HER  cells  that  overex¬ 
press  HER2)  show  a  much  greater  in  vitro  metasta¬ 
tic  aggressivene.ss  and  a  profound  increase  in  Ang- 
2  mRNA.  Antibody  blockade  of  HER2  signaling  has 
significantly  reduced  the  aggressive  phenotype  of 
HER2  that  expresses  breast  cancers  both  in 
vivo^'^d4  vitro  and  reflect  the  changes  seen 

in  Ang-2  expression  in  this  study.  Oh  et  also 
identified  several  genes  with  expression  levels  that 
were  altered  in  MCF-7  cells  when  modified  by 
transfection  to  overexpress  HER2.  We  further  stud¬ 
ied  other  breast  cancer  cell  lines  that  overexpress 
HER2  to  apply  this  hypothesis  outside  the  MCF-7 
model.  We  identified  Ang-2  production  in  2  of  3  of 
these  cell  lines.  These  studies  indicate  that  HER2 
signaling  may  influence  alteration  of  downstream 
gene  expression,  specifically  Ang-2. 

The  overexpression  of  HER2  is  found  in  25%  to 
30%  of  breast  cancers.  In  the  specimens  tested  for 
this  study,  5  of  II  cancers  expressed  HER2,  and  all 


Fig  4.  A,  Expression  of  HER2  (femtomole/milligram)  in 
human  breast  cancer  specimens,  determined  by  ELISA.  B, 
Aig-2  expression  in  human  breast  cancer  specimens  and 
normal  breast  epithelium  by  RT-PCR  with  specific  primers 
for  Ang-2  (relative  units  determined  by  normalization  to 
concurrent  p-actin  mRNA  RT-PCR).  Human  placenta 
RNA  was  used  as  a  positive  control  for  Ang-2  expression. 


5  produced  Ang-2  mRNA.  Two  additional  cancers 
had  no  detectable  HER2  expression  by  ELISA  yet 
produced  Ang-2  mRNA.  Further,  1  breast  cancer 
cell  line,  MDA-MB-23I  cells,  expressed  HER2  but 
had  no  detectable  Ang-2  inRNA  production.  These 
data  support  the  HER2  signaling  link  to  Ang-2  pro¬ 
duction  but  clearly  illustrate  that  HER2  expression 
and  signaling  are  not  the  only  potential  pathways 
to  induce  Ang-2  mRNA.  It  is  possible  that  other  fac¬ 
tors  that  alter  cell  growth  independent  of  HER2 
may  induce  Ang-2  expression. 

Published  data  suggest  that  relative  dimerization 
patterns  of  HER2  with  other  members  of  the  type  I 
growth  factor  receptor  family  can  influence  partic¬ 
ular  cell  signaling  pathways  stimulated  by  HER2 
signaling,^^  This  compartmentalization  of  signal¬ 
ing  can  support  a  variety  of  transcription  pathways. 
Using  ovarian  cell  lines,  Xu  et  al^^  showed  that  the 
level  of  HER2  expression,  relative  to  HER3  and 
HER4,  could  modulate  the  response  to  heregulin, 
thereby  determining  whether  a  response  is  stimula¬ 
tory  or  inhibitory.  It  is  possible  that  other  dimer- 
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i/alion  patterns  of  these  type  I  receptors,  perhaps 
involving  ECxFR,  can  also  induce  a  signaling  path¬ 
way  leading  to  Ang-2  production  as  seen  in  2  of  the 
breast  cancer  specimens.  It  is  also  possible  that  the 
compartmentalization  of  the  signaling  in  the  MDA- 
MB-231  cells  bypasses  Ang-2  niRNA  transcription. 
Alternatively,  the  HER2  receptor  expressed  in 
these  cells  may  not  have  an  intact  signaling  mecha¬ 
nism.  DiChovanna  et  al-"^  showed  that  the  expres¬ 
sion  of  HER2  does  not  necessarily  imply  signaling. 
In  that  study,  only  35%  of  HER2-overexpressing 
breast  cancers  actively  signaled  through  the  HER2 
receptor.  Further  delineation  of  the  relative  expres¬ 
sion  of  all  these  receptors  and  the  signaling  trans¬ 
duction  pathways  in  Ang-2  producing  breast  can¬ 
cers  would  help  to  understand  this  mechanistic 
pathway. 

In  this  report,  we  have  identified  Ang-2  produc¬ 
tion  in  human  breast  cancer  cells  that  express 
HER2  and  further  linked  the  regulation  of  Ang-2 
production  in  these  cells  to  HER2  signaling.  We 
also  identified  Ang-2  mRNA  in  human  breast  can¬ 
cer  specimens  and  provided  evidence  of  a  link 
between  HER2  expression  and  Ang-2  in  these 
tumors.  The  findings  of  HER2  signaling-linked 
Ang-2  production  makes  Ang-2  and  its  receptor, 
Tie-2,  potential  therapeutic  targets  for  the  treat¬ 
ment  of  HER2  that  expresses  breast  carcinoma, 
which  may  act  synergistically  with  Herceptin. 
Further,  the  expression  of  Ang-2  may  define  which 
patients  may  benefit  from  Herceptin  therapy. 

REFERENCES 

1.  Slanion  DJ,  Clark  C;M,  Wong  SO,  Levin  Wj,  Ullrich  A, 
McCiuirc  WL.  Human  breast  cancer:  correlation  of  relapse 
and  survival  with  amplilication  of  the  HER-2///C?/  onco¬ 
gene.  Science  1987;2Sr):l  77-82. 

2.  Wright  (^,  yVngns  B,  Nicholson  S,  ("aims  J,  (iullick  Kelly 
P,  et  al.  Expression  of  c-erbR-2  oncoprotein:  a  prognostic 
indicator  in  human  breast  cancer.  C.ancer  Res  1989;7:2087- 
90. 

3.  Tetn  B,  Brisson  J.  Prognostic  significance  of  HER-2/ 7iru 
oncoprotein  expression  in  node-positive  breast  cancer:  the 
innuence  of  the  pattern  of  immimostaining  and  adjuvant 
thera]>y.  Cancer  1994;7.3:2359-6.5. 

4.  Dati  Ck  Antoniotti  S,  Taverna  D,  Perrotcau  I,  De  Bortoli  M. 
Inhibition  of  c-crbB-2  oncogene  expression  by  estrogens  in 
human  breast  cancer  cells.  Oncogene  199();5:1 001-6. 

h.  (hunt  TW,  Saceda  M,  Martin  MB,  Lnpu  R,  Dittrich  E, 
Knipitza  (»,  et  al.  Bidirectional  interactions  between  the 
estrogen  receptor  and  the  cerbB-2  signaling  pathways: 
lieregulin  inhibits  estrogeic  effects  in  breast  cancer  cells.  Int 
I  Cancer  1995;63:560-7. 

6.  Pietras  R|,  Arboleda  ],  Reese  DM,  Wongxipat  N,  Pegram 
MD,  Ramos  L,  et  al.  HER-2  tyrosine  kinase  pathway  targets 


estrogen  receptor  and  promotes  hormone-independent 
growth  in  human  breast  cancer  cells.  Oncogene 
1995;10:2435-46. 

7.  Cktrraway  KL  III,  Sliwkowski  MX,  Akita  R,  PlatkoJV,  Guy  PM, 
Nuijens  A,  et  al.  The  erbB3  gene  product  is  a  receptor  for 
lieregulin.  J  Biol  C^iem  1994;269:14303-6. 

8.  Plowman  GD,  Green  JM,  Culouscoii  JM,  (hirlton  GW, 
Rothwell  VM,  Buckely  S.  Heregulin  induces  tyrosine  pho.s- 
phorylation  of  HER4/pl  80erbB4.  Nature  1993;366:473-5. 

9.  Graus-Porta  D,  Beerli  RR,  Hynes  NE.  Single-chain  antibody- 
mediated  intracellular  retention  of  erbB-2  impairs  neu  dif- 
fcientiation  factor  and  epidermal  growth  factor  signaling. 
Mol  Cell  Biol  1995;15:1182-91. 

10.  Graus-Porta  D,  Beerli  RR,  Daly  JM,  Hynes  N.  ErbB-2,  the 
preferred  heterodimerization  partner  of  all  crbB  receptors, 
is  a  mediator  of  lateral  signaling.  EMBO  J  1997;16:1647-55. 

1 1.  Karunagaran  D,  Tzahar  E,  Beerli  RR,  (".hen  X,  Graus-Porta 
D,  Ratzkin  BJ,  et  al.  ErbB-2  is  a  common  auxiliary  subunit  of 
NDF  and  E(>F  receptors:  implications  for  breast  cancer. 
EMBOJ  1996;15:254-64. 

12.  Lewis  GT),  Lofgren  JA,  McMurtery  AE,  Nuijens  A,  Fendly 
BM,  Bauer  KD,  et  al.  Growth  regulation  of  human  breast 
and  ovarian  tumor  cells  by  lieregulin:  evidence  for  the 
requirement  of  ErbB2  as  a  critical  component  in  mediating 
heregulin  responsivene.ss.  Cancer  Res  1996;56:1457-65. 

13.  Baselga  J,  Norton  L,  Albanell  J,  Kim  YM,  Mendelsohn  J. 
Recombinant  humanized  anti-HER2  antibody  (Herceptin) 
enhances  the  antitumor  activity  of  paclitaxel  and  doxoru¬ 
bicin  against  HER2/neu  overexpressing  human  breast  can¬ 
cer  xenografts.  Cancer  Res  1998;58:282.5-31 . 

14.  Pietras  R],  Fendly  BM,  ("hazin  VR,  Pegram  MD,  Howell  SB, 
Shimon  DJ.  Antibody  to  HER-2/neu  receptor  blocks  DNA 
repair  after  cisplatin  in  human  breast  and  ovarian  cancer 
cells.  Oncogene  1994;9:1829-38. 

15.  Oh  J),  Grosshans  DR,  Wong  SG,  Slamon  DJ.  Identification 
of  differentially  expressed  genes  associated  with  HER- 
2/neu  overexpression  in  human  breast  cancer  cells. 
Nucleic  Acids  Res  1999;27:4()08-17. 

16.  Cockerill  GW,  Gamble  JR,  Vadas  MA.  Angiogenesis:  models 
and  modulators.  Int  Rev  C^ytol  1995;  159:1 13-60. 

17.  Maisonpierre  PC,  Suri  (k  Jones  PF,  Bartunkova  S,  Wiegand 
SJ,  Radziejewski  C,  et  al.  Angiopoictin-w,  a  natural  antago¬ 
nist  for  Tie2  that  disrupts  in  vivo  angiogenesis.  Science 
1997;227:5.5-60. 

18.  Jones  PF.  Tied  up  (or  down)  with  angiopoietins. 
Angiogenesis  1997;1:38-44. 

19.  Benz  CC,  Scott  (*K,  Sarup  JC,  Johnson  RM,  Tripathy  D, 
Coronado  E,  et  al.  Estrogen-dependent,  tamoxifen-resistant 
tumorigenic  growth  of  MCF-7  cells  transfected  with 
HER2/neu.  Breast  Cancer  Res  Treat  1992;24:85-95. 

20.  Pinka.s-Kramarski  R,  Soussan  L,  Waterman  H,  Levkowitz  G, 
Alroy  I,  Klapper  L,  et  al.  Diversification  of  neu  differentia¬ 
tion  factor  and  epidermal  growth  factor  signaling  by  com¬ 
binatorial  receptor  interactions.  EMBO  J  1996;15:2452-67. 

21.  Xu  F,  Yu  Y,  Le  XF,  Boyer  C,  Mills  GB,  Bast  RC  Jr.  The  out¬ 
come  of  hercgulin-induced  activation  of  ovarian  cancer 
cells  depends  on  the  relative  levels  of  HER-2  and  Her-3 
expre.ssion.  Clin  Cancer  Res  1999;5:3653-60. 

22.  DiChovanna  MP,  Carter  D,  Flynn  SD,  Stern  DF.  Functional 
assay  for  HER-2/neu  demonstrates  active  signaling  in  a 
minority  of  HER-2/neu  overexpressing  invasive  human 
breast  tumors.  Br  J  Cancer  1996;74:802-6. 


HER2  signaling-induced  microvessel 
dismanding 

W.  Bradford  Carter,  MD,  Norfolk,  Va 

Background.  The  human  epidermal  growth  factor  receptor  2  protein  (HER2 )  signaling  in  breast  cancer 
imparts  a  metastatic  advantage  to  the  cell,  likely  by  regulating  gene  expression.  The  HER2  signaling  up- 
regulates  angiopoietin-2  (Ang-2),  ivhich  disrupts  endothelial  cell  (EC)  adherens  junctions.  We  postulat¬ 
ed,  that  HER2  signcding  may  facilitate  angioinvasion  by  disrupting  microvessel  integrity. 

Methods.  Rat  microvessels,  embedded  in  collagen,  were  groion  into  capillary  netxvorks  and  cocultured 
xoith  MCE-7  or  HER2  overexpressing  MCF-7  (HER)  to  test  for  microvessel  breakdoxon.  We  quantitated 
this  effect  by  determining  the  cumulative  length  of  intact  microvessels.  Other  experiments  used  Herceptin- 
or  heregulin  ^  1-pre  treated  MCF-7  cells  to  modulate  HER2  signaling,  or  soluble  Tie-2/Fc  receptor  fusion 
protein  (sTie2)  to  sequester  tumor-cell  released  Ang-2. 

Results.  The  MCF-7  cells  induced  a  time-dependent  loss  of  microvessel  integrity.  At  12  hours,  HER  cells 
induced  a  90%  reduction  in  cumulative  length  (P  <  .05).  Pretreatment  with  Herceptin  reduced  xvhereas 
heregidin  (37  augmented  microvessel  dismantling  (?<  .01).  Sequestration  of  Ang-2  significantly, 
though  not  dramatically,  reduced  the  MCJ^-7  cell  induction  of  microvessel  dismantling  (P  <  .01). 
Conclusions.  We  shoxv  that  HER2  signaling  in  breast  cancer  cells  leads  to  induction  of  microvessel  dis¬ 
mantling,  ivhich  may  open  a  portal  for  angioinvasion.  It  appears  that  Ang-2  affects  this  mechanism, 
although  other  factors  also  function  in  microvessel  dismantling.  (Surgery  2001;130:382-7.) 

From  the  Division  of  Surgical  Oncology,  University  of  Maryland,  Baltimore,  and  the  Deportment  of 
Microbiology /Jmm,unology  and  Cell  Biology,  Eastern  Virginia  Medical  School,  Norfolk,  Va 


The  overexpression  of  HER2  (neu,  c-erbB2) 
imparts  an  aggressive  metastatic  phenotype  in 
breast  cancer.  Second  only  to  lymph  node  status, 
HER2  protein  overexpression  is  a  powerful  predic¬ 
tor  of  whether  the  patient  is  disease  free  and  of  the 
survival  prognosis.  ^  A  member  of  the  epidermal 
growth  factor  receptor  family,  HER2  is  expressed 
in  a  range  of  cell  types  and  functions  in  growth, 
differentiation,  and  survival.^’'’  The  ligand  class  for 
these  receptors  is  the  neuregulin,  which  is  relative¬ 
ly  specific  in  its  binding.  Neuregulin  binding 
induces  heterodimerization  with  HER2,  which  is 
the  signaling  subunit  and  has  no  independent  lig¬ 
and. The  relative  dimerization  patterns  of  HER2 
with  other  receptors  influences  specific  cell  signal¬ 
ing  pathways.^  This  signaling  compartmentaliza- 
tion  can  support  a  variety  of  transcription  path- 
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ways,  with  divergent  downstream  events.  The 
dimerization  pattern  of  HER2  with  HERS  relative 
to  HER4  can  modulate  the  response  to  heregulin, 
inducing  a  response  that  is  either  stimulatory  or 
inhibitory.^  Antibody  blockade  of  HER2,  which 
prevents  heterodimerization,  can  eliminate 
neuregulin-stimulated  signaling. Signal  down 
modulation  can  induce  tumor  regression  in  breast 
cancer  cells  expressing  HER2.^^’^^^ 

The  metastatic  advantage  imparted  to  cancer 
cells  by  over-expressing  HER2  has  not  been  clearly 
delineated.  In  testing  the  hypothesis  that  HER2  sig¬ 
naling  is  linked  to  cellular  production  of  factors 
that  influences  the  metastatic  phenotype,  we  have 
shown  that  breast  cancer  cells  expressing  HER2 
can  induce  endothelial  cells  (ECs)  to  retract,  creat¬ 
ing  a  gap  in  the  endothelial  monolayer. This  gap 
may  serve  as  a  portal  for  tumor  cell  transendothe- 
lial  migration,  a  key  step  in  the  metastatic  process. 
This  ability  of  the  cell  to  induce  EC  retraction  can 
be  regulated  by  modulation  of  HER2  signaling  by 
using  monoclonal  antibody  blockade  of  HER2 
dimerization  or  signal  induction  with  heregulin  (31 
stimulation.  Oh  et  aP^  also  have  identified  down¬ 
stream  alterations  in  gene  expression  as  a  direct 
consequence  of  HER2  signaling. 

Because  of  its  profound  effects  on  ECs,  we  have 
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A  Control  °  HER  coculture 

Fig  1.  Dismantling  of  microvcsscl  networks  by  coculture  with  HER  cells.  (A)  Control  vessels  after  8  days  in 
collagen  I  gel  with  DMEM  +  10%  FBS.  (B)  Microvessels  after  12  hours  of  coculture  with  1  x  HER 
cells/mm^.  /li  remv  indicate  regions  of  dismantling  and  microvessel  discontinuity.  Images  arc  phase  contrast 
at  4  X  and  embossed  to  enhance  detail. 


postulated  that  Ang-2  may  be  a  factor  involved  in 
HER2-induced  EC  retraction.  Ang-2  is  a  key  pro¬ 
tein  involved  in  angiogenesis,  the  development  of 
neovessels  from  existing  blood  vessels. 
Angiogenesis  involves  EC  dissociation,  shape 
change,  and  invasion  of  the  supporting  matrix. 
The  EC  specific  tyrosine  kinase  receptors,  Tie-1 
and  Tie-2  (tek),  appear  to  be  key  signaling  ele¬ 
ments  involved  in  angiogenesis.  The  ligands  for 
Tie-2,  angiopoietin-1  (Ang-1),  and  Ang-2  are  antag¬ 
onistic  although  they  bind  with  equal  affinity. 
The  Ang-1  appears  to  function  in  the  stabilization 
of  ve.ssels,  whereas  Ang-2  binding  to  Tie-2  results  in 
destabilization  of  the  vessel  with  dissociation  of  EC- 
EC  junctions. 

We  have  shown  that  HER2  signaling  induces  EC 
retraction.  The  mechanism  appears  to  be  the 
induction  of  dissociation  of  a,  p,  and  y  catenin 
from  VE  cadherin,  breaking  the  link  between  the 
adherens  junction  and  the  cytoskeleton.'^^^  We  also 
have  shown  that  HER2  signaling  appears  to  regu¬ 
late  the  cellular  production  of  Ang-2  in  MCF-7 
cells, and  we  have  linked  Ang-2  production  to  EC 
retraction  and  the  cateninxadherin  dissociation. 

These  findings  led  us  to  hypothesize  that  HER2 
signaling-induced  production  of  Ang-2  in  breast 
cancer  cells  would  initiate  vascular  disassembly,  imi¬ 
tating  the  angiogenic  regression  phase.  This  archi¬ 
tectural  dismantling  of  microvessels  potentially 
would  open  a  portal  for  angioinvasion  of  these  phe¬ 
notypic  cells,  a  key  step  in  the  metastatic  process. 

In  this  study,  we  tested  MCF-7  cells  and  HER2 
overexpressing  MCF-7  cells  for  the  ability  to  induce 
microvessel  dismantling  of  an  in  vitro  microvessel 
network.  Further,  we  manipulated  HER2  signaling 
by  using  Herceptin  and  heregulin  pi  to  test  for 


HER2  regulation  of  microvessel  dismantling. 
Finally,  we  treated  MCF-7  cells  with  Tie-2/Fc  solu¬ 
ble  receptor  fusion  protein  to  quench  cell-released 
Ang-2  and  tested  for  microvessel  dismantling. 

MATERIAL  AND  METHODS 

Cell  lines.  The  MCF-7,  SK-Br3,  and  MDA-MB- 
175  cells  (American  Type  Culture  Collection)  and 
HER  cells,  a  stable  transfected  MCF-7  cell  line  over¬ 
expressing  HER2  6-fold  (gift  of  C.  Benz,  San 
Francisco,  Calif^'^)  were  maintained  in  high  glu¬ 
cose,  Dulbecco  modified  Eagle  medium  (DMEM) 
supplemented  with  10%  fetal  bovine  serum,  peni¬ 
cillin  (1000  U/mL)  and  streptomycin  (1  mg/mL), 
at  37‘'C,  5%  COc^.  The  HER  cells  also  were  supple¬ 
mented  with  G418  (300  pg/mL)  to  maintain  selec¬ 
tion  of  expressing,  transfected  cells. 

Microvessel  dismantling  assay.  Epididymal  fat 
pads  were  harvested  from  male  200-g  Sprague- 
Dawley  rats.  Approximately  10  g  of  fat  were  minced 
and  digested  with  a  0.25%  collagenase  III 
(Worthington  Biochemical  Corp,  Lakewood,  NJ) 
solution  for  5  minutes.  The  tissue  was  rinsed  in  phos¬ 
phate-buffered  saline  solution  +  0.2%  bovine  serum 
albumin,  and  sequentially  filtered  by  using  mesh 
sizes  of  350  pm  and  30  pm  to  isolate  microvessel 
fragments  from  undigested  tissue  and  subsequently 
from  cells  and  debris.  Eight  to  10,000  vessels/mL 
were  suspended  in  a  matrix  of  collagen  I  (3 
mg/mL)  in  DMEM  and  incubated  in  humidified 
37‘'C  and  5%  CO2,  with  DMEM  +  10%  fetal  bovine 
serum  in  24-well  tissue  culture  plates.  Vessels 
remained  in  culture  for  12  days  to  allow  for  capillary 
network  development.  Testing  of  cancer  cell  lines 
occurred  on  day  12.  Cells  were  harvested  from  log- 
phase  growth  cultures  and  added  to  wells  at  1  X  10'^ 
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Fig  2.  The  HER2  induced  microvcssel  dismantling.  The 
MCF-7  or  HER  cells  are  cocultured  at  1  x  10^  cells/mm^ 
with  12-day-old  microvessels  embedded  in  collagen  I  gel. 
Cumulative  microvessel  length  was  determined  and  com¬ 
pared  with  control  (untreated  microvessel  gels.)  The 
HER  cells  cause  a  more  rapid  and  greater  extent  of  dis¬ 
mantling  compared  with  parental  MCF-7  cells  (P  <  .05 
for  all  time  points  between  cell  types,  and  asterisk,  P<  .01 
for  both  cell  lines  compared  with  control,  n  =  12  MCF-7; 
n  =  3HER). 


Fig  3.  HER2  signaling  blockade  inhibited  microvessel 
dismantling.  MCF-7  cells  were  pretreated  with  increasing 
doses  of  Herceptin  for  24  hours  before  coculture  with 
microvessel  collagen  I  gels  for  12  hours.  Cumulative 
microvessel  length  was  determined  and  compared  with 
control.  Treated  cells  were  dose-dependently  inhibited 
from  inducing  dismantling  {asterisk,  P<  .01  vs  untreated 
MCF-7  cells;  P<  .01  vs  1.0  ng/mL;  n  -  3). 


cells/mm^.  For  HER2  signaling  experiments,  MCF-7 
cells  were  pretreated  with  1  or  100  ng/mL 
Herceptin  (gift  of  Genentech,  San  Francisco,  Calif), 
or  0.1  or  1.0  ng/mL  heregulin  pi  (Genentech)  for 
24  hours  before  the  microvessel-dismantling  assay. 
In  other  experiments,  2,  20,  or  200  ng/mL  of  sTie2 
was  added  with  MCF-7  cells  or  alone  to  the  microves¬ 
sel  cocultures.  After  3  to  12  hours  of  coculture,  the 
gels  were  fixed  with  3.2%  paraformaldehyde,  and 
stained  with  rhodamine-conjugated  Griffonia  sim- 
plificolia-1  (Sigma  Chemical  Co,  St  Louis,  Mo),  a 
lectin  that  specifically  intercalates  into  rat  endothe¬ 
lium.  The  gels  then  were  sandwiched  between  glass 
slides  and  imaged  by  using  an  Olympus  BH-2  micro¬ 
scope  equipped  with  a  Pixera  digital  camera  (Pixera 
Corp).  Microvessel  length  was  calculated  by  linear 
tracing  of  the  stained  microvessels,  minus  the  parent 
vessels,  by  using  SigmaScan  Pro  image  analysis  soft¬ 
ware.  Statistical  analysis  was  performed  by  Student  t 
test  and  analysis  of  variance  between  groups. 

RESULTS 

Rat  microvessels  in  collagen  I  gels  treated  with 
MCF-7  cells  experienced  a  structural  integrity  loss 
with  disruption  of  length  and  development  of  iso¬ 
lated  EC  islands  (Fig  1).  The  ECs  appeared  viable  by 
trypan  blue  exclusion  (data  not  shown).  Because  of 
the  breakdown  of  architectural  microvessel  struc¬ 


ture  without  loss  of  cellular  integrity,  we  termed  this 
phenomenon  microvessel  dismantling. 

Because  we  have  identified  that  HER2  signaling 
influences  the  induction  of  EC  retraction  in  cocul¬ 
ture  with  breast  cancer  cells  expressing  HER2,  we 
compared  MCF-7  cells  with  a  MCF-7  derived  cell 
line  that  overexpresses  HER2  6-fold  (HER  cells)  for 
the  ability  to  induce  microvessel  dismantling  in 
vitro.  The  MCF-7  treated  cells  showed  a  time-depen¬ 
dent  decrease  in  cumulative  length.  At  3  hours,  the 
treated  microvessels  retained  only  72.3%  ±2.1%  of 
control  length  (P  <  .01),  which  was  reduced  to 
11.5%  ±  2.6%  of  control  by  12  hours  (P<  .01  vs  3 
hours.  Fig  2).  HER  cells  induced  a  greater  loss  of 
microvessel  integrity  over  time  than  the  parental 
MCF-7  cells.  At  3  hours,  HER  cell  treated  microves¬ 
sel  gels  retained  only  26%  ±  0.8%  of  control  length 
(P<  .01  vs  MCF-7),  which  was  reduced  to  4.6%  ± 
1.1%  by  12  hours  (P<  .01  vs  MCF-7,  Fig  2). 

To  further  evaluate  HER2  signaling  influence  on 
microvessel  dismantling,  we  pretreated  MCF-7  cells 
with  increasing  doses  of  Herceptin  for  24  hours 
before  the  microvessel  dismantling  assay.  A  dose- 
dependent  blockade  of  MCF-7  induced  microvessel 
dismantling  was  seen  at  12  hours  (Fig  3). 
Herceptin  treatment  (1.0  ng/mL)  of  MCF-7  cells 
reduced  dismantling  to  46.3%  ±  7.1%  of  control  (P 
<  .05  vs  untreated  MCF-7).  Increasing  doses  of 
Herceptin  further  reduced  dismantling,  reaching 
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Fig  4.  StinuihUion  of  HER2  signaling  augmented 
mierovessel  dismantling.  The  MCF-7  cells  were  pretrcaled 
with  0.1  or  1.0  ng/mT  heregulin  pi  for  24  hours  before 
coculture  with  microvessel  collagen  1  gels  for  3  hours, 
(annulative  microvessel  length  was  determined  and  com¬ 
pared  with  contnd.  Treated  cells  were  dose-dependcntly 
enhanced  in  inducing  dismantling,  reaching  significance 
at  1.0  ng/mL  .01  vs  untreated  MCF-7  cells;  n  =  3) 

68.6%  ±  3.9%  of  control  with  100  ng/niL  {P<  0.01 
vs  untreated  MCF-7). 

Stimulation  of  HER2  signaling  in  MCF-7  cells 
using  heregulin  pi,  resulted  in  accelerated  microves¬ 
sel  dismantling  (Fig  4).  Cumulathe  length  of  intact 
microvessels  at  3  hours  was  reduced  to  48.6%  ± 
11.7%  of  control  {P<  .01)  from  72.3%  ±  2.1%  after 
pretreatment  with  1.0  ng/mL  heregulin  pi  for  24 
hours  before  the  microvessel-dismantling  assay. 

To  determine  whether  other  HER2  overexpress¬ 
ing  breast  cancer  cell  lines  also  could  induce 
microves.sel  dismantling,  SK-Br3  and  MDA-MB-175 
cells  were  coculturcd  for  12  hours  with  microvessel 
gels.  Both  cell  lines  induced  microvessel  disman¬ 
tling  with  significant  reduction  in  cumulative 
length  ol' intact  microvesscls  compared  to  untreat¬ 
ed  controls  {P  <  .01,  Fig  5).  Pretreatment  with  1.0 
or  100  ng/mL  of  Herceptin  for  24  hours  reduced 
microvessel  dismantling  in  MDA-MB-175  cells  {P  < 
.01  vs  untreated  cells).  Pretreatment  of  SK-Br3  cells 
with  Herceptin  did  not  significantly  reduce  cumu¬ 
lative  microvessel  length  at  12  hours  of  cocidture. 

The  HFd^2  signaling  has  been  shown  to  regulate 
Ang-2  production.  Because  of  the  profound  effect 
of  Ang-2  in  inducing  angioregression,  we  pretreat¬ 
ed  MCF-7  cells  with  sTic2  to  sequester  any  Ang-2 
protein  released.  By  sequestering  Ang-2,  we 
attempted  to  implicate  Ang-2  as  a  participant  in  the 
microvessel  dismantling  mechanism.  The  MGF-7 
cells  were  pretreated  for  24  hours  with  increasing 
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Fig  5.  HER2  signaling  induced  microvessel  dismantling  in 
HER2  overexpressing  cell  lines.  Untreated  cells  or 
Herceptin  pretreated  cells  for  24  hours  were  placed  in 
coculture  with  microvessel  gels  for  12  hours.  Cumulative 
length  of  microvessels  was  determined  and  compared  with 
control.  All  cell  lines  induced  microvessel  dismantling. 
HER2  signaling  blockade  with  Herceptin  inhibited 
induced  dismantling  in  MCT-7  and  MDA-MB-1 75  cells  C'P 
<  .01  vs  untreated  cells)  but  not  SK-Br3  cells  {P-  not  sig¬ 
nificant;  n  =  3). 


doses  of  sTie2  before  coculturc  in  the  dismantling 
assay.  Sequestration  of  Aiig-2  with  sTie2  significant¬ 
ly  though  not  dramatically  reduced  MCF-7  induced 
microvessel  dismantling  (Fig  6).  At  200  ng/mL, 
cumulative  length  of  microvessels  cocultured  with 
sTie2/Fc  treated  MCF-7  cells  was  24.5%  +  5.5%  of 
control  {P  <  .01  vs  untreated  MCF-7  and  MCF-7 
treated  with  2  ng/mL  sTie2). 

DISCUSSION 

The  HER2  overexpression  induces  a  more 
aggressive  phenotype  in  breast  cancer  cells.  Early 
metastasis,  earlier  relapse,  and  a  poorer  overall 
prognosis  accompany  HER2  overexpression.^"*^  The 
finding  that  overexpression  of  a  tyrosine  kinase 
receptor  induces  a  more  aggre.ssive  phenotype 
empirically  suggests  that  signaling  leads  to  signifi¬ 
cant  downstream  gene  modulation  with  gene  prod¬ 
uct  alteration.  This  gene  product  alteration  likely 
must  influence  the  local  cancer  environment, 
either  directly  or  indirectly,  to  favor  the  more 
aggressive  phenotype.  In  support  of  this  hypothe¬ 
sis,  Oh  et  al^^  identified  several  genes  with  expres¬ 
sion  levels  in  MCF-7  cells  that  were  significantly 
altered  by  HER2  overexpression  induced  by  trans¬ 
fection.  Presumably,  monoclonal  antibody  block¬ 
ade  of  HER2  dimerization  and  signaling  should 
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eliminate  the  selection  of  downstream  gene  expres¬ 
sion,  which  favors  the  aggressive  phenotype. 
Indeed,  Herceptin  treatment  appears  to  lengthen 
remission  episodes  and  delay  return  to  an  aggres¬ 
sive  phenotype  while  rendering  the  cell  static. 

Our  prior  studies  have  demonstrated  that  HER2 
signaling  regulates  the  induction  of  EC  retraction 
with  loss  of  cell-cell  contact  and  the  endothelial 
monolayer  barrier.  The  EC  retraction  creates  a 
portal  for  transmigration  across  the  endothelium 
and  potential  egress  into  a  secondary  tumor  site. 
This  process  appears  to  be  induced  by  secreted 
product  or  products  regulated  by  HER2  signaling. 
In  this  present  study,  we  have  further  characterized 
the  vascular  modulation  induced  by  HER2  signal¬ 
ing.  The  HER2  overexpressing  breast  cancer  cells 
may  enhance  metastatic  capability  by  inducing  an 
architectural  disassembly  of  intact  microvessels, 
creating  a  noncontiguous  capillary  network.  The 
microvessels  appeared  to  have  disrupted  EC  con¬ 
tact  with  loss  of  continuity,  a  phenomenon  we 
termed  dismantling.  This  break  in  continuity  sug¬ 
gests  the  possibility  of  tumor  cell  access  into  the 
vascular  system  and  possible  earlier  disseminated 
metastasis. 

We  show  that  microvessel  dismantling  is  at  least 
partially  regulated  by  HER2  signaling.  Blockade  of 
HER2  signaling  resulted  in  a  dose-dependent 
decrease  in  the  ability  to  induce  microvessel  dis¬ 
mantling.  Conversely,  stimulation  of  HER2  signal¬ 
ing  increased  the  cells’  influence  on  microvessel 
integrity. 

The  process  was  not  exclusive  to  MCF-7  cells. 
Both  MDA-MB-I75  cells  and  SK-Br3  cells  also 
induced  dismantling.  The  MDA-MB-175  cells  were 
regulated  similarly  in  this  induction,  shown  by 
blockade  of  HER2  signaling  with  reduction  in  dis¬ 
mantling  potential.  The  SK-Br3  cells  were  not  influ¬ 
enced  significantly  by  Herceptin  blockade.  It  is  pos¬ 
sible  that  SK-Br3  cells  process  alternate  or  defective 
signaling  or  possibly  influence  different  down¬ 
stream  gene  transcription  with  different  phenotyp¬ 
ic  expression.  Xu  et  al^  showed  that  the  relative 
heterodimer  expression  could  substantially  change 
downstream  phenotypic  expression.  By  exogenous¬ 
ly  influencing  relative  levels  of  expression  of  HERS 
to  HER4  heterodimers  with  HER2,  phenotypic 
expression  shifted  from  a  stimulatoiy  pattern  to  an 
inhibitory  pattern. 

Because  our  prior  studies  have  shown  that  HER2 
signaling  can  regulate  Ang-2  expression  and  fur¬ 
ther  that  Ang-2  appears  to  be  involved  in  the  mech¬ 
anism  of  EC  retraction  induced  by  HER2  signaling, 
we  postulated  that  Ang-2  may  be  the  key  factor 
involved  in  the  induction  of  microvessel  disman- 


Fig  6.  sTic2/Fc  sequestration  of  MCF-7  produced  Ang-2 
inhibits  microvessel  dismantling.  MCF-7  cells  were  treated 
with  increasing  doses  of  sTie2/Fc  and  placed  in  coculture 
with  microvessel  collagen  I  gels  for  12  hours.  Cumulative 
length  of  microvcssels  was  determined  and  compared  with 
control.  sTie2/Fc  dose-dependently  inhibited  induced 
dismantling,  reaching  significance  at  200  ng/ mL  C'P<  .01 
vs  control,  2,  and  20  ng/mL;  n  =  3). 


ding.  Using  sTie2/Fc  to  sequester  Ang-2  released 
from  MCF-7  cells,  we  showed  a  significant  though 
not  dramatic  reduction  in  the  loss  of  microvessel 
integrity.  Unfortunately  at  this  time,  an  adequate 
Ang-2  protein  was  not  available  to  test  directly.  A 
crude  preparation  containing  some  intact  Ang-2 
protein  was  tested,  but  no  significant  induction  of 
microvessel  dismantling  was  identified  (data  not 
shown.)  It  appears  that  Ang-2  is  likely  a  factor  influ¬ 
encing  the  mechanism  of  dismantling,  but  is  not 
the  only  or  possibly  even  a  major  determinant  of 
the  process. 

Microvessel  dismantling  also  may  be  involved  in 
an  angiogenic  response  induced  by  HER2  signal¬ 
ing  regulation  of  Ang-2  and  other  EC  mitogenic 
factors.  The  Ang-2  expression  in  tumors  occurs  at 
sites  of  angioregression  and  capillary  breakdown. 

It  appears  that  in  angiogenesis,  Ang-2  may  influ¬ 
ence  EC-EC  dissociation  and  release  of  anchoring, 
allowing  mitogenic  stimulation  for  proliferation 
and  migration.  The  observed  microvessel  disman¬ 
tling  in  this  study  essentially  may  be  part  of  tumor 
co-option  of  microvessels  with  release  of  ECs, 
angioregression,  and  ultimately  tumor  induced 
angiogenesis. In  this  scenario,  discontinuity  and 
possible  angioinvasion  may  be  a  mere  byproduct  of 
tumor  and  environmental  factors  inducing  an 
angiogenic  response.  The  Ang-I  knockout  mice, 
providing  unopposed  Ang-2  influence  on  Tie2 
receptors,  were  noted  to  have  discontinuous  vascu- 
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lar  networks  with  islands  of  isolated  EC,  offering 
some  support  for  a  role  for  Ang-2  in  the  disman¬ 
tling  mechanising'^  Other  factors  such  as  urokinase 
plasminogen  activator,  a  proteolytic  enzyme,  may 
influence  both  angioinvasion  and  tumor  neovascu¬ 
larization  in  breast  cancer  by  vessel  wall  degrada¬ 
tion,  providing  a  possible  portal  for  tumor  dissemi¬ 
nation  or  release  of  EC  foi'  angiogenesis.^'" 

In  conclusion,  we  have  demonstrated  a  pheno¬ 
typic  expression  of  HER2  signaling  in  MCF-7  breast 
cancer  cells,  induction  of  microvessel  dismantling, 
which  is  likely  stimulated  by  downstream  expres¬ 
sion  of  gene  products  favoring  a  metastatic  profile. 
This  process  appears  to  be  common  to  other  HER2 
overexpressing  cell  lines.  The  mechanism  appears 
to  involve  cellular  production  of  Ang-2,  but  clearly 
other  factors  that  influence  vascular  structures  are 
active  in  the  mechanism.  This  study  suggests  that 
HER2  signaling  induced  metastatic  pathways  likely 
involve  opportunistic  expression  of  angioactive  fac¬ 
tors,  which  may  provide  a  portal  for  angioinvasion. 

Wo  thank  Michael  D.  Ward  for  outstanding  technical 
assistance  with  this  project. 
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HER2  OVEREXPRESSION  ENHANCES  TUMOR  CELL 
TRANSENDOTHELIAL  MIGRATION 
WB  Carter*,  JB  Hoying,  SK  Williams,  Division  of  Surgical 
Oncology,  Univ.  of  Maryland,  Baltimore,  MD. 

Overexpression  of  HER2  in  breast  carcinoma  imparts  a 
metastatic  advantage.  Metastasis  requires  escape  of  the  tumor 
cell  from  the  vasculature  into  subjacent  tissue,  a  transmigration 
event  across  an  endothelial  cell  (EC)  monolayer.  We  have 
shown  that  HER2  signaling  induces  EC  retraction  and  loss  of 
the  intact  endothelial  barrier. 

Using  a  novel  in  vitro  assay,  we  tested  the  ability  of  MCF-7 
cells  and  stable,  transfected  MCF-7  cells  which  overexpress 
HER2  6  fold  (HER  cells)  to  transmigrate  across  intact  human 
EC  monolayers.  We  further  tested  HER2  signaling  blockade 
(Herceptin'*^)  to  determine  if  HER2  signaling  regulates 
transmigration.  .MCF-7  or  HER  cells  were  cocultured  onto 
mature  EC  monolayers  Using  total  internal  reflection 
fluorescence  (TIRF)  microscopy,  we  determined  ceil 
transmigration  efficiency  .After  treatment  with  Herceptin’*^  for 
24  hrs,  the  MCF-7  cells  were  further  tested  for  transmigration. 

By  3  hrs.  the  transmigration  effiiciency  of  HER  cells  was  74  ± 
4  7%  vs  42  ±  6.9%  for  MCF-7  cells  (p  <  0  01).  Using  modified 
Bovden  chambers,  no  differences  were  found  in  cell  motility  or 
matrix  invasion  between  the  cell  groups.  Blockade  of  HER2 
.signaling  with  Herceptin^'^  (200  ng/ml)  reduced  transmigration 
efficiency  by  33°o  (p  <  0  05) 

These  data  suggest  that  HER2  signaling  may  enhance  the 
metastatic  phenotype  in  breast  cancer  by  improving  the 
efficiency  of  tumor  cell  transmigration  across  EC.  Further, 
11ER2  signaling  blockade  may  limit  tumor  spread  by  delaying 
tumor  cell  escape  from  the  vasculature. 
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